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TECHNICAL MEMORANDUM 


VARIABLE RELUCTANCE PROXIMITY SENSORS FOR 
CRYOGENIC VALVE POSITION INDICATION 

I, INTRODUCTION 


The purpose of this test was to determine the feasibility of installing proximity 
indicators on the Shuttle External Tank vent and relief valves. Variable reluctance 
proximity indicators are being considered for replacement of the mechanical position 
switches currently used in the vent valves. Mechanical switches have demonstrated 
various malfunctions during the Apollo program such as diaphragm cracks, oxidation 
of the contacts, internal mechanical failure, and others. 

The Eldec proximity indicator was selected because similar Eldec sensors are 
currently used in multiple Orbiter applications such as landing gear and payload bay 
doors. The Eldec sensors are also used in diverse applications on the B-1 bomber 
and other military and civilian aircraft. The latest generation of Eldec sensors has 
already been tested in cryogenics and successfully met all general requirements for 
cryogenic service. The intent of this test was to determine the performance reli- 
ability of the sensors when operationally installed in a vent and relief valve. 


II. APPROACH 


A spare External Tank vent and relief valve was acquired for a test bed (Fig. 
1). The position indicators, their installation, and all associated functions are 
identical to valves currently being produced and flown on the External Tank, The 
existing Honeywell I HM25 mechanical position indicator switches were removed and 
replaced by Eldec SCD8-020-10 proximity sensors (Figs. 2 through 4). Targets for 
the sensors were installed on each side of the valve's main piston (Fig. 3). All 
modifications were made by making as few changes to the original valve as possible 
so that design and manufacturing impact would be minimized in the event the prox- 
imity sensors are adopted for use. 

The vent valve was first cooled with liquid nitrogen to simulate conditions on 
the liquid oxygen tank. Liquid nitrogen is slightly colder than the ullage normally 
vented through the valve, but was used for safety reasons instead of liquid oxygen. 
Upon completion of the nitrogen testing, the valve was cooled with liquid hydrogen 
to simulate conditions during venting of the liquid hydrogen fuel tank. 


III. TEST PLAN FOR CRYOGENIC TESTING OF 
PROXIMITY POSITION INDICATORS 


OBJECTIVE ; To verify the operation of position indicators in open and closed 
positions under cryogenic conditions, 

REQ UIREMENTS ; 

1. Provide 115 V, 400 for GFE electronics. 

2. Provide gaseous helium for valve actuation (fv 125 psi operating pressure). 
Gaseous nitrogen may be used for the tests with liquid nitrogen. 

3. Temperature to be maintained witliin limits specified. 

4. Temperature readings obtained at each probe for each valve cycle. 

5. Notation of indicator performance for each valve cycle. 

6. If there is an indication that the proximity switch failed, verify that the 
valve did in fact open or close. 

7. Provide photographs of test setup. 


TEST PROCEDURE : 

1. Test is to consist of a total of 12 thermal cycles, 10 cycles using LNg 
(temperature requirement of -300°F maximum) and 2 cycles using LH^ 
(temperature requirement of -400°F maximum). 

2. Each thermal cycle is to consist of the lowering of temperature from 
ambient. 

3. 500 valve cycles are to be completed during each thermal cycle, broken 
down as follows : 

a. 50 valve cycles at ambient temperature 

b. 50 valve cycles during the transition 

c. 400 valve cycles at the cryogenic state. 

4. Testing of the valve proximity sensor to include reducing the temperature 
with liquid nitrogen from ambient to approximately -300°F and monitoring’ 
the probes and temperature during the test duration. 


THERMAL SHOCK TEST 


PURPOSE: 

This test is being conducted to subject the proximity sensors to a rapid thermal 
transient shock and to evaluate their performance during this period. 
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REQUIREMENTS; 


The sensors shall be mounted in the vent valve specimen with the boost open 
piston end cap and actuating piston removed. 

A stationary target will be in place under both sensors. The target will bo in 
contact with both sensor faces. 

The sensors shall be subjected to a thermal shock by purging* with GNg @ 
”300°F directly on their sensing faces. 

TEMPER AT URE : 

The Nos. 1, 2, and 3 thermocouples should be stabilized at their respective 
lowest temperature and remain there for 1 min (ambient to approximately 
-300°F) . 

Monitor temperature and proximity sensor actuation signal during the test. 


IV. TEST ARRANGEMENT 


A. Thermal Cycle Tests 

The test specimen, a modified vent and relief valve, MMC P/N PD 47001 87- 029 
was mounted by its inlet to an aluminum plate and then an end cap placed over its 
outlet. The valve was instrumented with four thermocouples located as shown in 
Figure 2; there is a thermocouple on each sensor spacer and between the proximity 
sensors and another on the valve body. The temperature from the four thermo- 
couples were recorded every 15 sec for the duration of the tests. A liquid nitrogen 
or liquid hydrogen purge from the dewar was routed through the mounting plate and 
up near the proximity sensors. The liquid was vented down through the mount 
plate and carried a safe distance and then vented to the atmosphere (Figs. 5 through 
7). 


The proximity sensors were connected to the Eldec 8-242-09 S/N 4, 10 channel 
electronics, which outputs either a target near or target far indication. This 10 
channel electronics package v/as modified by Eldec to perform as the recommended 
package would with these SC08-020-10 proximity sensors. The electronics package 
used vjas a qualification test hardware specimen for another type oi' Eldec sensor for 
the Space Shuttle and was modified as an economic consideration. The output indi- 
cation of the electronics package was recorded tliroughout the test by the oscillograph. 

The helium supply, which operates the specimen valve, was manifolded to a 
125 psi regulator and routed through a solenoid valve to the helium inlet on the 
specimen valve (Fig’s. 1 and 5). The solenoid valve was operated by an electric 
timer which cycled the valve from the closed to the fully open position every 10 sec. 
The timer output was recorded by the oscillograph during the thermal cycle tests. 
There was a pressure transducer, coneected to the helium supply line close to the 
specimen valve, which served as verification of proper helium pressure. The pressure 
transducer's output was recorded by the oscillograph during the thermal cycle tests. 
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B. Thei’mal Shuck Tost 


The thermal shock tost setup was similar to the thermal cycle setup except 
the main piston and pneumatic actuating piston were removed. Liquid nitrogen from 
the dewar was purged onto the proximity sensor faces through the new opening made 
by the removal of the pneumatic actuator (Fig. 8). 

A target rod was hold in place along the centerline of the sensors by a largo 
"C" clamp. Tills assured that the target was held fast against the sensors during 
the vigorous nitrogen purge of the sensor faces (Fig. 9). 

The temperatures from the four thermocouples were recorded as before, but 
were recorded at 3-sec intervals. The oscillograph recorded only the proximity 
sensor performance during this test. 


V. TEST DISCUSSION 


A. Thermal Cycle No. 1 

The following is a discussion of the first thermal cycle. Since it was typical 
of the other 12 thermal cycles, they will not be discussed on an individual basis. 

Any anomalies which occurred in other thermal cycles will be discussed individually. 

The test began by cycling the specimen valve open and closed 50 times using 
pressurized helium. The proximity sensors were monitored for performance during 
the ambient temperature test. There were no sensor anomalies during the 50 cycle 
ambient test. 

The next phase of the thermal cycle test was 50 valve cycles (minimum) during 
the thermal transient condition from ambient to cryogenic temperatures. During 
initial cliilldown the No. 2 sensor (nearest valve body, Fig. 2) did not operate for 
four valve cycles and then began operating properly. The No. 2 sensor signal 
stopped at 32°F and began again at -77°F; performance throughout the rest of the 
transient test was nominal. 

The temporary loss of signal from sensor No. 2 was due to one of two reasons 
or a combination of both. The first possibility is rapid localized cooling which 
created a large thermal gradient and enlarged the gap between the sensor face and 
target ring on the main piston (Figs. 2 and 3). The gap at ambient temperature is 
0.027, which is the recommended gap for this sensor in the slide by mode of opera- 
tion. To cause sensor failure, the gap would have to open up to approximately 
0.054. 


The second reason for loss of signal is a large thermal gradient in the prox- 
imity sensor itself which could cause the sensor to read target far when actually 
the target was near. Under normal 0 })eration, there are two matched coils in the 
sensor, one in the sensing face and a reference coil further up in the sensor. 
When a ferromagnetic target is passed close to the sensor face, the electrical 
resistance of the coil at the face is lowered relative to the reference coil. The 
associated electronics monitor the resistance of both coils and give a target near 
signal when the balance between the two coils is disturbed. This design allows 
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operation over a wide range of temperaturo because both coils would be affected 
equally by surrounding onvii*onment, However, during this tost the face of the 
sensor was cooled very rapidly, and the rest of the sensor was somewhat thermally 
isolated due to the method of mounting with low thermal conductivity flouroearbon 
seals. Tlds would cause the resistance in the sensing coil to rise and give a target 
for indication even though the target was actually under the sensor. Then, as the 
thermal gradient between the two coils decreased, the bridge would bo out of balance 
once agidn and give the correct tai'got near indication. 

The next phase of the thermal cycle was 400 valve cycles at the cryogenic 
temperature state (lowest temperatures possible with the specimen valve using liquid 
niti’ogen as the cryogen). During tliis portion of testing the tempcx’nturo of the 
valve and sensors wore monitoi’od and sensor performance wos recorded. During 
cycle 345, the No. 1 sensor stopped woi'ldng, the technician realized that the 
actuating helium pressure hud dropped off fi*om a nominal 125 to 90 psi. This was 
not enough pressure to allow the valve to travel to the fully open position and align 
the target under the No. 1 sensor. Another helium bottle was added into the mani- 
fold which raised the supply pressure to the re(iuired level and sensor No. 1 
immediately began operating nominally. 


B. Thermal Cycle No. 2 

During the transient portion of thermal cycle No. 2, the thermal gradient 
problem again caused a temporary loss of signal from pinximity sensor No. 2 at the 
beginning of Ghilldown, The signal loss was from 58,7 to 17,1°F, The signal 
returned and then dropped out again at 13.2°F and returned at “180°F. The sensoi’s 
operated properly for the rest of the transient cycles and the 400 cryogenic cycles. 
There were no other irregularities during thermal cycle No. 2. 


C. Thermal Cycle Nos. 3 tlu’ough 6 
There were no anomalies during thermal cycle Nos. 3 through 6. 


D. Thermal Cycle No. 7 

At initid chilldown, the No. 1 proximity sensor lost signal; the temperatures 
wore from 48 to -48°F. Tliis was the first and only time sensor No. 1 was apparently 
affected by the thermal gradient situation. All other anomalies associated with 
sensor No. 1 have been due to low helium actuation pressure which was easily 
detected by a very noticeable change in the pressure transducer curves on the strip 
charts. However, in this case, the helium pressure was nominal so it was assumed 
the anomaly was due to the thermal gradient situation. 

Sensor No. 2 had a loss of signal during the transient cycles as did No. 1, 
which was due to the thermal gradient. The No. 2 sensor lost signal at 75°F and 
returned to service at ~209°F. 

During the 400 cryogenic cycles, the low helium actuation pressure situation 
occurred again which resulted in the momentary loss of the No. 1 sensor. The 
problem v "s quickly corrected and sensor No. 1 returned to service. 
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15. Thormul Cyclo Mo. 8 


There were no jmomalios during thermal cyelo No. 8. 


F. Thermal Cyclo No, 9 

The No. 2 proximity sensor ap,ain went out of service at the beginning of the 
transient portion of the test becuuso of the gradient problem. The sensor failed to 
signal at 40®F and became operational again at -179®F. The>’e were no other anomalies 
during tliis thermal cycle. 


G. Thermal Cyclo No. 10 
There were no anomalies during cycle No. 10, 


11. LHg Thermal Cycle No. 1 

The tliermal cycle tests run with liquid hydrogen us the coolant wei'O conducted 
using the same procedure as the other thci’mal cycles; that is, 50 cycles at ambient, 
50 cycles during the transition from umbient to cryogenic, and 400 cycles at approxi” 
mately -400°F. 

There were no sensor anomalies during LHg thermal cycle No. 1. 

I. LH 2 Thermal Cycle No, 2 

There wore no proximity sensor onomalies during the 50 cyclo ambient test. 

Well into the transient cycles there was a loss of signal from sensor No. 1 due 
to low helium actuation pressure, which was corrected. The signal was interrupted 
for only one valve cycle at a temperature of “257°F. 

Tliore were no sensor anomalies during the 400 valve cycles at the cryogenic 
temperatures . 


J. Thermal Shock Test 

The purpose of this test was to evaluate the performance of the Eldec proximity 
sensors during n thermal shock. The ari’angement of the test eli..iinated the affect 
of irregular thermal contractions of the internal valve components that would increase 
the sensor to target gup. The target wt s mounted directly on the face of both 
sensors, thus eliminating the gap. Liquid nitrogen was rapidly purged on the sensor 
faces. The sensors were monitored for output fram ambient until the thermocouples 
Imd stabilized at their lowest temperatures. The proximity sensors performed 
flawles.sly during this test. 
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VI. TEST GRAPHICS AND TEMPERATURE DATA 


TabloB 1 tlu’oug’h 1« are a compilation of thormoeouplo tost data from all thermal 
cycles and the thermal shock tost. The temperatures shown in these tables and the 
accompanying graphs are in Fahrenheit degrees. 

The graphs show data from thermocouples 1 and 2 which reflect each proximity 
sensor's temperature. The graph temperatures are shown in 5- min intervals. The 
temperature tables are correlated with the gimphs by a T-0 indication. The tables 
show data from all four thermocouples (Fig. 2 gives locations). The temperatures 
were given in 1-min intervals. 

During thermal cycles 1, 7, and Lllg thermal cycle 2 there was a loss of posi- 
tion indication by the No. 1 pi’oximity sensor duo to low helium actuation pressure. 
This pi’oblem was discussed in detail in Section V. The signal interruptions caused 
by low helium pressure are not shown on the thermal cycle graphs because they wore 
facility problems and did not reflect sensor performance problems. 


VII. CONCLUSIONS AND RECOMMENDATION 


Throughout the duration of this test there were four cycle sequences - thermal 
cycles 1, 2, 7, and 9 - in which the proximity sensors did not function properly. 
However, in each instance, as the thermal cycle progressed the sensors regained 
their ability to accurately identify the valve position. The anomalies are attributed 
to a combination of two application design elements which did not place the sensors 
in their optimum performance environment. The first contributing design element 
was the inability to control the gap between the sensor and target dui’ing rapid 
thermal transients. The second element is the small target size used for this test, 
Since the target was small, this enhanced the possibility of a thermal gradient between 
the two sensor coils temporarily creating a false signal. These test bed design 
elements were driven by a desire to adapt the sensors to the External Tank vent and 
relief valves with minimum impact. 

It is concluded that the Eldec SC08-020-10 proximity sensor is an acceptable 
replacement for the Honeywell 1HM25 position indicator switch. However, the need 
for an improved sensor mount became obvious because of the problems exoerienced 
during this test. Such an improvement would be a mechanical override that could 
control the actuation gap or insure contact between the sensor and target. This 
contact and larger target worked flawlessly during the thermal shock test. The 
overridr device could be similar in design to the existing switch actuation mechanisms, 
but would increase reliability because the sensor itself is inherently more reliable 
than the mechanical switch. 

For future use. the recommended mounting method would be to incorporate the 
sensors in the valve design either internally or in a sensing well. This could allow 
even cooling of the sensor, and the head-on mode of operation could be employed 
rather than the slide-by mode. Head-on operation of the sensors allows a larger 
actuation gap. This integral design eliminates any mechanisms other tian the valve 
parts themselves and employs the greatest advantage of the solid state proximity 
sensor. 
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EXISTING '.cCHANICAL SWITCH HOUSING 



Figure 1. External Tank vent /relief 
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Figure 3. Proximity sensor mounting detail. 
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Figure 9. Test specimen after thermal shock 
(insulation renoved). 
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GRAPHS AND TEMPERATURE DATA 


TABLE 1. THERMAL CYCLE NO. 1 GRAPH AND TEMPERATURE DATA 
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TABLE 4. THERMAL CYCLE NO. 4 GRAPH AND TEMPERATLUE DATA 
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TABLE 6. THERMAL CYCLE NO. 6 GRAPH AND ’^'^IPERATURE DATA 
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TABLE 7. THE^.MAL CYCLE NO. 7 GRAPH AND TERIPERATURE DATA 
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TABLE 8. THERMAL CYCLE NO. 8 GRAPH AND TEMPERATURE DATA 
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TABLE 10. THERMAL CYCLE NO. 10 GRAPH AND TEMPERATURE DATA 


1 


t'JF Qi 


cvjo^«y'0>o)f-corgr«CM{voj<Nianc>4a^r-(7>^r-r-o^coor»i<MrjO(j»cr>a>csiroc\iOoa\Ofu 

i£!y3if>u}woocv4vtOtnMHOuiinfncn«a’uiVLnuim*»-f<i«»-Mr.(Mrocv)tMrjmnfnmrot\jf»)ri 

O O C3 < * t l t ) ^ ftf r^-> ^ ^ i ) ft r" r» »-* r— »— • O r-* r~ W-* r“ r~* r— r" r-“ r— r-» 

fnr»n«»M»ir'»rp(*jfiofn«nfonrpinr»ninrom(*w*)<»»<*in(*)fO(*>c*»nr*)Mfnrnnmr>i(nnn 

I I I i ) I I t > I I I ) I I I ) I I I I ( I I I I • I ( • t ) I I I I I I I I 

cftmr^(n*?ui«roir"«rrNf^r-oOi7io^»r‘iiOU>voi^»— «rif)oor>icnoOCTi(\jVr-r>.r~cniorgwin 

r>fnr5f^f»)mn<nfn<nfnfnnmf'>i^>fnp^r>fnfororof^*n(Mmr)fnmmnrorofo<^>eir>nfn 

I I I > 1 I I I I I I » I I I I I I I I I i I i I I I I I I I ) I I I I I I I I 


«ruiu)U>im/>vocs4incrOOOM3MO#<-*o«roocor^«foocofoma>c>inoOGnoicncooor«^r»«r 

r— ^^^<VJ«tU^00C7><7»CyiO3C000*^f*^U5<T»n0C0Cf>0000U3«J‘C9C!»r^uii£>U>U3tdir>u3lor^*»^l^|N,* 


r.4^^^<Vj«ttn03C7>mcn0300CQ 
oocsooooociotaotiB 
(n fo m f»i M f^i 

I I I I I I I I « I I I I I 


Q0C:>0«C50Ca«C:>00O0O««C:>C>f::jfrjcn0CJ0CJ 

fomf^f')fnpimr»nnnromf^)fnfOiv)Fir>fnfnr)r^u>->rr>f»7 

I t I I I »» I I f I I > I I I I I I I I I I I I I 


o^cn<r»<T»cr»c7>o>ooc*oooo>o%cnovcM::3C5CJw>cno^a)oooacncn<TM7^o>o>o>o^o\o>o>a>a> 

{\jcji>j04pa«v<>jmnfnr)fnfnfg{Mr^rg<'^ro<^m«M<NJcMWcv«Nicg<vjcsicN4WW<v(Mtsjfvi«Nir«jfNj 

) I I I I I I < i « I 4 1 t I I I I I f I I I I I I I I I » i I i I I I I I I ) 

a>o>o>ato^cnchoocno^cncno>a)C^oodom(ncnoocr><M7>a)0>ocncnO)cncnooatoi 

») *t •• •• •• fl •• »l M •• »• •* t» ** ** tf *4 *1 t* *« »• if ft It tt tt fl tl t« tt ft »« »t ft It ft ft If ft If 

mOr-*^ro^^(Oi^m(nor->{Njn<i(ri/>U3fSioacrtOt"*<vfO««i'uiior^coo>Or«cvim«<tinu3r%co 
inooooooc?ocio#-^^#-*r-f— r-r-r“r-«N4c\jrgcjfv»f\4(MfNjcN<cvjfnmror>r>rofnnfn 

»« 1* ft tt tt tt If If ft ft ft tt ft tf If if t| ft It tt ft ft tt ft tt if ft tt tt tt tt ft ft ft tt ft tt It t* ft 

coo>c7>c7>o^mcl)0lcncrl9lchmmo^0l€^c7)(nawno\mma>cnc7^a>o^mm^>(n9)mcr>c7>ma^<7> 

OQooaQOooocioooooooaooooooooooQaooooooooo 


r^fgmt5rV'^«#‘«t^u30>rou>roOiOO>«r*5fcMf^oof^rvorOr-Min«r4m/)^orsf^cO€30iocooDoococoCT><7»cyi^oou5<Mvoc« 

r— r— r-r— •— r-»— r0r^inr^tT)OO»— »"r— r—r— — r-'CM(\iC\jrvJCNiC\JC\iCNJrvJfMC^jmcsjrvjmPO.^-'.J' 

Ujw5»o«j>au3‘oiou3«> 1 S2121SSSSSSSSSSS'^SSSS®e°«3S°9°=’<='®'='“oa®oo<=‘3SS 

cu<\jc^r9ropip'icicncororopioicjr*ifnro(nro(nfnroriror)rororof*irorof^rnpnfnrorororori 


Of— »— r-r— f—oooo«r<Jjui'rui<vjvci<^i-^r^'Oo:)norn(no3csiooo^«»'Uifn*)’r-r-CNj«ru3«rix3cocv«T'a'COcof^u3iof~oiooi 

r— r-r— r— f“r— f— r-r- r-r— r—OLaCnf’T^"7‘^^^^OT^^^I^CriO£7\Cn^CnOO( — r~' r~ f — r— r".— 

tou)u>«vooto>ouf^voin I fNpj^ooor-j- c^wmmOTOotnoiaoioiwoioooooooooooocjooooooo 

ii— rr<-‘C4cyrvc\jtvcycjr7r7r>ieviMf>jrJ(vi^4r)<nfoinfnpir>(*>r>iPi(nt*iririi»i<»i<npirop> 

C\Jifllf)rOU1COr-»0\'<tJ*f^lOO>CWr^0001r-»Or-'<M^'OOf— CNJr-COf-*CMi«J''^rvDlOCJlO<iy01f>«OlO 

rJr-!pJpJr-r-^r-r-r-r-r— ininCMUiraWO^ONgj!— rOl£>^mu3inU1iOU)U3U>r%rN.OOa3C a9COa3 00 00a3 00a}a{odo3Cr!aa 
wtoujus^iojowiovoiaint— r-fNOiM^rirtr^cooocnaunmoCTioicjxTicrtcnocncncncncnmcritncnaftoitiiCTKHoitncnoo 
tr*r-f>ifM{MCM(M(viryr^rj{MtMnc\jpjojc\jcMCMCJcsj<Njc\i<'J04CMcvjcjrvio4(s)<MCMfvjr>J(vtMnn 

'■ t • I I t I ) t I I I I I I t I I I I I ( I I I I I I I I > • I I ( *1 I I I I 

r-r*ooo>05f>fv»ouncNj»— Mfouimcoooocnvf-i— iNJtnOintMOoOO'twrotvcnj— inrocn(vif^ooooo)*^f-f"0>f»ioor“<ir 

r-00000000»r-0)/^M^iocyu3wro^C.^{>K5g^ujm«rio(gcncvji— r— r— tvi<\j<>4rn<nf»>ro«»->rro>cr»rinin 
vO(OtDu3U3M3«>u>iovoujuiin«\ii— «30mr'.r~ioi>.r-cOr-.^ooct)oooOoOoocoBOcooioicncr>cnoioio>cno>CTio>oicnoioioic7> 

t I 4— r-4-~CvJC>iCyCViCVjr>jrJCMtM<\(<MfyfV(\ICVJCMOJCNJCvl(NJOJ(SJC\JfV4(\lCN(M(MCVI<Jfvjr>JC\JCM 
I I I I I I ( I >)> t I I I • I I I I I I I I I I t I I I I I I I I I I 

enoooOOOooooooo(7icnooQcnenCTio>c7>o»ootncnt7ioicnooa>o>o>o>oioioioiomoioo'crioenaiOO 

«tfui«ii/>vn4nuivninLOLfn^mui«f«j’Unoi."‘<r«r«#«r«j’^inm»f^r’<»'«fwuiin.Tv«rv«i-v-«rvin'wv»/iw'trir)«r'»inm 

iOP-«ao&>Or-Mm«j-mior-'Ooaio<— c^J^o«l•lnlo^■«eocng^cvf<^»^lnu^^.ooolOr— tMmu-ioujr^oooio^pjfn^ruiior^co 
OooOr—4— r-r-f-r-f— 4— r»r'<M<'J('J<M<M«'J!NrwMcMr'ifOnnmroi*)romn«j-«j-><Tn»’.3ri<j-'.r^«»'5rinuiminuiinmioin 


\03cacococococomoacocoeomaioot0^mi 

loooooooSoooorjoooooi 


loaoocooaoocacoooi 

looooooopi 


36 








TABLE 11. LIQUID HYDROGEN THERMAL CYCLE NO. 1 GRAPH AND TEMPERATLUE DATA 
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TABLE 12. LIQUID HYDROGEN THERMAL CYCLE NO. 2 GRAPH AND TEMPERATURE DATA 
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TABLE 13. THERMAL SHOCK TEST GRAPH AND TEMPERATURE DATA 
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